The intestine is a long tube, the walls of which are composed of a number of layers: the inner mucosal layer, the function of which is absorption and secretion; a submucosal layer with vascular and lymphatic components in a connective tissue framework forming an important link with the mucosa. Muscle layers follow and form the propulsive mechanism, an inner circular layer which is more powerful than the outer longitudinal layer. Finally, covering the whole is the peritoneal layer forming a slippery coat which allows movement between the different coils of the gut.
Intramural Plexuses
Two plexuses are present in the intestinal wall, one between the muscle layers, the myenteric (Auerbach's) plexus, the other within the submucosa, the submucus (Meisner's) plexus. The majority of neurones occur in groups or ganglia, joined by fibre connections forming meshes ( fig. 1 ). The structures are complex and our knowledge has been advanced by neurophysiological and immunological techniques. Many of the fibres contain pep tides, and immunorelativity to VIP, encephalin, gastrin/ cholecystokinin, substance P and somatostatdn has been demonstrated (Schulzberg et al., 1980) . Indeed, in some neurones, there is evidence of two transmitters in a single neurone. In any consideration of motility, the structure and function of the intrinsic plexuses must be considered. However, detailed description is beyond the remit of this chapter and the reader is referred to the following reviews: Burnstock (1979) , Gabella (1979) , Furness and Costa (1980) and Baumgarten (1982) .
Contraction of the smooth muscle layers provides not only the motive force for aboral movement of the gut content, but also mixing of foodstuffs with enzymes, fluid and electrolyte, in to-and-fro motion (without propulsion) to bring the products of enzyme action into intimate contact with the absorptive surface. When motor activity is recorded with an opentipped tube placed in the intestinal lumen attached to a pressure transducer, the activity of the smooth muscle is recorded as two types of pressure wave or contraction: phasic waves, which are rapid increases in pressure with a duration of a few seconds, and tonic contractions which are slow increases in pressure lasting from a few seconds to minutes, often forming the base from which phasic contractions occur. The activity of the muscle is determined by intrinsic myogenic activity, intrinsic and extrinsic nervous control and hormonal action.
Extrinsic Innervation Vagal
In man, the vagus arises largely from the dorsal motor nucleus of the vagus in the medulla to supply the stomach, small intestine and large intestine as far as the middle of the transverse colon. The preganglionic neurones terminate on the intrinsic enteric neurones (Auerbach's and Meisner's plexuses).
The colon receives a parasympathetic supply from the sacral cord (S1-S3) through the pelvic nerves which synapse with neurones of the pelvic ganglia. Thus the proximal part of the colon has an overlapping parasympathetic supply. Vagal efferent pre-ganglionic fibres innervate post-ganglionic intrinsic neurones which have two functionally different effects. One is cholinergic and excitatory, to the smooth muscle; the other is inhibitory and causes relaxation. The latter is mediated by neurones which are non-cholinergic and non-adrenergic; the transmitter may be the peptide vasoactive intestinal polypeptide (VIP). The peptidergic mechanism is responsible for receptive relaxation of the body of the stomach on eating a meal. Reflex activation of sacral parasympathetic pathway induces vasodilatation in the colon by the release of VIP, as does mechanical stimulation of the small intestinal mucosa. splanchnic nerves after relay in the coeliac and mesenteric ganglia and terminate in the myenteric and submucous plexus and therefore have only indirect effects by modulating activity of intrinsic neurones. Post-ganglionic, non-adrenergic neurones inhibit the peristaltic reflex by reducing the acetylcholine output from intrinsic cholinergic neurones (Paton and Vizi, 1969) . For a detailed description of innervation, the reader is referred to reviews by Fumess and Costa (1974), Baumgarten (1982) and Polak and colleagues (1982) .
The short description above refers to efferent fibres, but it must not be forgotten that both vagus and sympathetic nerves contain a considerable number of afferent fibres. At the level of the diaphragm, for example, 90% of the fibres in the vagus nerves are conveying information from the abdomen to the medulla. That reflex pathways exist with receptors in the abdomen which could excite intestinal motility was demonstrated by Harper, Kidd and Scratcherd (1959) . Whereas afferent discharge from receptors in the stomach are known to influence, reflexly, antral motility (Scratcherd and Grundy, 1982) , there is very little information yet concerning reflex control of intestinal motility through vago-vagal reflexes.
Electrical Activity of Gastrointestinal Smooth Muscle
Intestinal smooth muscle shows two types of electrical activity: slow waves, which are cyclic changes in membrane potential unaccompanied by mechanical activity, and action potentials or spikes which initiate muscle contraction.
INTESTINAL MOTILITY AND SECRETION

Slow waves
Nature. This rhythmical activity goes under a number of different names, including electrical control potential (ECP), pacesetter potential, or basal electrical rhythm (BER). These slow changes in potential reflect cyclic changes in the excitability of the smooth muscle membrane and occur without triggering contractile events. The configuration of these waves, recorded extracellularly and by intracellular microelectrode is illustrated in figure 2. It should be stated that the precise shape of the extracellular recording is critically dependent upon the method used (Holman, 1968; Tomita, 1981) .
Origin. These waves arise in the longitudinal muscle of the small intestine and spread electrotonically to the circular muscle. The basis for this electrical interaction is that the two muscle layers are coupled through low-resistance pathways via nexus or gap junctions. They are myogenic, that is they arise from the muscle itself and are not initiated by neurones or humoral agents, as they are still present after the nerves have been blocked by tetrodotoxin, after ganglionic, cholinergic or adrenergic blockade and in isolated tissue (Holman, 1981) .
Frequency. They occur throughout the intestine, at a constant frequency at any one site, but the frequency declines with distance from the pylorus. Thus, the fastest frequencies are observed in the duodenum and the slowest in the terminal ileum. The decline in frequency in an aboral direction does not occur smoothly, but in a stepwise manner with a plateau preceding each decrease in frequency. Smooth muscle cells have the property of spontaneous myogenic activity and any cell can act as a pacemaker should the occasion arise, with cells of higher intrinsic frequencies driving those of lower frequencies. For this reason, the direction of slow wave propagation is aboral. In man the duodenal frequency is 11.8 cycle min" 1 and 7-9 cyclemin" 1 theileum.
in
Action potentials or spikes
In contrast with slow waves, spikes are referred to as fast activity as their duration varies from approximately 10 to 100 ms. Spikes are superimposed on the declining component of the slow wave ( fig. 2) , where they usually occur in bursts. The maximum contraction frequency is therefore set by the frequency of the slow waves. Spikes occur when the resting membrane potential reaches a critical value and it is the function of the slow wave not only to set the frequency of intestinal contraction, but to move the membrane potential towards the threshold for firing. Spikes occur in response to appropriate nerve stimulation, humoral and pharmacological agents and mechanical stimulation. The association of spikes with contraction is the reason why physiologists record fast activity in experimental animals, since not only is it more convenient, but recordings can be made simultaneously from many sites with little inconvenience to the animal. Spikes propagate only over short distances, but as very many cells are affected synchronously, a relatively long segment of intestine can contract.
Stimulus-contraction coupling
The development of tension in the muscle filaments is produced by increase in concentration of calcium within the smooth muscle cell, an event which is associated with the occurrence of action potentials (spikes). The source of calcium may be from intracellular organelles, but mainly from ECF through the cell membrane. The relative importance of these different sources is not yet clear. The magnitude of the tension developed in response to stimulation is probably related to the amount of calcium released, which in turn is related to the number of spikes present on each slow wave.
Motility Small intestinal motility in the fasting phase
The migrating myoelectric complex (MMC) . During the periods between meals, a pattern of activity has been described which is a cydicly occurring series of contractions which move in an aboral direction along the small intestine. This activity has been called the migrating myoelectric complex (MMC). It has two counterparts, one which is recorded electromyographically, the other when recorded manometrically.
Electromyographic recording. Four phases may be recognized: (1) phase 1, in which only slow waves are present; (2) phase 2, in which the slow waves have some spikes, but gradually developing in a random way; (3) phase 3, in which intense spiking accompanies every slow wave; (4) phase 4, in which spiking activity subsides rapidly and merges into phase 1.
Manometric recording. The mechanical correlates of the electrical activity are as follows: (1) phase 1, a completely quiescent intestine. (2) Phase 2, in which periodic intestinal contractions occur. (3) Phase 3, in which the intestine contracts at its maximum frequency with considerable vigour. (Phase 3 is usually known as the activity front ( fig. 3) .) (4) Phase 4, in which the contractions subside rapidly.
Although the MMC can be initiated in the upper small intestine, it probably begins as high as the lower oesophageal sphincter. These changes migrate down the gut and, in man, the duration of each cycle is 82 ± 5 min (mean ± SEM in 38 volunteers). Whereas most activity fronts seem to start in the duodenum, in a recent study 19% started in the stomach, and 9% started only beyond the ligament of Treitz. In the upper small intestine, the activity front lasts approximately 4.5 min and progresses down the gut at a velocity of approximately 6.8 cm min" 1 (Peeters, Vantrappen and Janssens, 1982) . The function of the MMC has been compared to "one of a housekeeper which between meals, periodically sweeps the stomach and small intestine" (Code and Schlegel, 1974) . In humans lacking a phase 3, bacterial growth in the small intestine is observed.
Control of the MMC
Neural. The mechanism which controls the initiation and conduction of the MMC is still a matter of controversy. Two main hypotheses have been proposed: neural and hormonal. It would seem that a role for the initiation of MMC by the extrinsic nerves is unlikely, for vagotomy (Marik and Code, 1975) , removal of the coeliac and superior mesenteric ganglia (Marlett and Code, 1979) , or division of the perivascular nerves surrounding the superior mesenteric artery (Heppcll, Kelly and Sarr, 1983) does not prevent the initiation of MMC, although each may alter the timing of the complexes. Unlike the extrinsic nerves, there does seem to be a role for the intrinsic plexi. After transcction of the small intestine at a number of sites followed by re- anastomosis, each segment of the small intestine so formed was capable of initiating MMC on the distal side of the transsection. Immediately after reanastomosis, MMC do not conduct across the anastomosis until about 100 days later, when it is likely that the intrinsic plexi on either side of the transsection have re-established connections by regeneration (Sarna, Condon and Cowles, 1983) . At this time, the MMC return to the normal pattern and migrate from duodenum to ileum across the sites of anastomosis. The role of the extrinsic nerves appears to be one of modulation.
Hormonal. As the MMC is cyclic in nature, each phase of the complex is present at some point in the intestine. If a gastrointestinal hormone is involved in the initiation of a complex, its plasma concentration must cycle in phase with the MMC and the effect of the hormone or hormones be limited to either the beginning or end of a particular phase. The hormone motilin was first implicated because cyclic changes in plasma concentrations were associated with intestinal MMC in dogs. However, in man, not every intestinal MMC is associated with a motilin peak, and various explanations have been proposed to account for the observation. In addition to motilin, gastrin, pancreatic polypeptide and somatostatin have been implicated. However, it cannot yet be proved conclusively that these peptides are involved in the physiological initiation of MMC, although it seems highly likely. Peeters, Vantrappen and Janssens (1982) have summarized the available evidence (albeit incomplete) and come to the tentative conclusion that phase 3 is induced by motilin, whereas pancreatic polypeptide blocks phase 3, but only in the stomach. Somatostatin on the other hand, inhibits phase 2 and stimulates intestinal phase 3.
Small intestinal motility in response to a meal
When food is taken, the MMC are disrupted, that is they are replaced by contractile activity which is present throughout the whole of the small intestine, even though no food may have passed through the pylorus. The increase is almost immediate after the ingestion of the food and as food enters the duodenum, the effect is maintained for 3-4h in man (Ruckebusch and Bueno, 1977) and even longer in the dog. The duration of this post-prandial effect depends on the volume and chemical composition of the meal and on its calorific value, with fatty meals causing the greatest effect. The activity of the fed pattern and phase 2 of the MMC appear very similar but, when the manometric and myoelectric recordings are compared, the fed pattern seems to consist of greater activity and more slow waves are associated with a greater number of spikes than is observed in phase 2. In man, 30-80% of the slow waves are associated with spikes which result in a contraction frequency of 11-12 cycle min" 1 after a meal of milk (Stoddart, Smallwood and Duthie, 1978) . However, the intensity of contractions or myoelectrical activity is not as great as that encountered in phase 3 of the MMC.
The fed pattern of motility cannot be classified in the same way as the MMC, as it has few characteris-tic features. However, radiological observations on both man and animals does reveal different types of activity which result in both propulsive and nonpropulsive contractions of the intestinal muscle layers. Two major types of movement have been described. Contractions of the circular muscle divide a column of chyme into segments which are moved to and fro over a short distance of intestine. The contents of adjacent segments then combine and the process may be repeated many times. Such activity is known as segmentation (Cannon, 1902) and its function is to mix the intestinal content with pancreatic, biliary and intestinal secretions and at the same time, to bring the chyme into intimate contact with the absorptive surface of the gut. About 40% of the contractions are segmental (Dusdieker and Summers, 1979) .
The circular muscle contractions also migrate in an aboral direction, propelling the contents onwards. This type of propulsive activity is known as peristalsis and is a local or enteric reflex involving both circular and longitudinal muscle layers and the intrinsic nerve plexuses. The reflex may be elicited in segments of isolated intestine and therefore can function independently of the extrinsic nerves (the vagus and sympathetic), although this does not suggest that these nerves have no controlling influence. Distension of a segment of intestine causes contraction of the longitudinal muscle layer, followed by contraction of the circular layer above the bolus and relaxation below. This is a co-ordinated reflex action involving the enteric plexuses which results in a contraction wave driving chyme aborally. At least two reflex pathways are involved: an ascending excitatory reflex and a descending inhibitory reflex (Costa and Furness, 1976) . Neural involvement was established by the observations that peristalsis is abolished by asphyxia, application of local anaesthetics to the mucosa, stripping off the mucosa and the application of hexamethonium and atropine. These findings indicate that an afferent neurone is involved with receptors (which respond to stroking of the mucosa or to radial stretch of the gut wall), a ganglionic synapse and cholinergic ascending and descending chains of neurones. The descending neurones make excitatory synaptic connections with inhibitory neurones, allowing relaxation of the gut wall below the bolus (H olman ,1981) .
The control of pott-prandial motor activity
The intestine is subject to influences which emanate from different parts of the gastrointestinal tract to bring about the post-prandial motility patterns discussed above. Influences, both from within the gut and external to the gut, adjust the rate of transit so that digestion and absorption are virtually complete before the chyme reaches the terminal ileum. Costa and Furness (1982) have proposed that the factors controlling motility and therefore transit, act in a sequential manner according to the sites at which the various controlling stimuli act, a situation analogous to the classification used to describe the control of the secretory mechanisms,-cephalic, gastric and intestinal phases.
Cephalic phase. An increase in motor activity of the small intestine occurs before food ever enters the gastrointestinal tract. This has been unequivocally demonstrated by sham-feeding dogs, when an increase in motility occurs along the gut to at least the jejunum. An influence on motility by extrinsic nerves was demonstrated by Gregory (1950) . He prepared Thiry-Vella loops in dogs and perfused them with saline. On sham feeding, an increase in motility occurred with a retardation in flow of fluid through the loop. The effect was assumed to be mediated by the vagus nerves, as denervation of the loop by division of the nerves of the vascular pedicle abolished the effect. The response persisted during the sham feeding, but declined rapidly when the sham feeding came to an end. According to Ruckebusch and Bueno (1977) , the effect is transient and fails to interrupt the MMC.
Gastric phase. Disruption of MMC occurs only in the gastric phase when food enters the stomach, when it is artificially distended by a balloon, or on mechanical stimulation of the gastric mucosa (fig. 4.) Gastric distension by balloon initiates activity in Thiry-Vella loops and retards transit. When the same experiments are repeated on the intact dog using a meal of milk, the effects were similar but of greater magnitude (Code and Marlett, 1975) .
Intestinal phase. Perfusion of the intestine with various nutrients initiates the post-prandial motility patterns described above. The effect persists after vagotomy and it would therefore appear that hormones or local reflexes, or both, are involved. Introduction into jejunal loops of fluids which deviate appreciably from neutrality or isosmolality, or which contain digestion products, cause changes in motility and retard transit in a manner similar to those by feeding described above. As the effects persisted after extrinsic denervation and were abolished by application of local anaesthetics to the mucosa, there must be one mechanism located in the gut wall in addition to the extrinsic mechanisms described previously. The increase in motility and the degree of restraint are determined by the volume of the chyme and its composition. As both these alter as the process of digestion proceeds, so does the extent of the restraint (Gregory, 1950) .
Whereas the vagus and the intrinsic neurones have a role in the motility response of the small intestine to a meal, a physiological role for the sympathetic in digestion is less certain. In general, excitation of post-ganglionic sympathetic neurones inhibits small intestinal motility and increases sphincter activity with consequent retardation of intestinal transit. This is in contrast to the retardation described above which is associated with increased motility. Inhibition of small intestinal transit occurs when vigorous exercise is taken, an effect mediated through the sympathetic nervous system (Furness and Costa, 1974) . Other instances for the involvement of the sympathetic nervous system are of a pathophysiological nature. Excessive distension of the small intestine inhibits motility in other parts of the small intestine, whilst the effects of intestinal obstruction, peritoneal irritation and postoperative ileus, all have a basis in reflex sympathetic excitation through paravertebral ganglia and the spinal cord. The presence of a sympathetic tone has been demonstrated by the observations that guanethidine or phentolamine caused the appearance of phase 2 activity when administered during the inactive phase 1 (Ormsbee, Telford and Mason, 1979) . In the anaesthetized ferret, alpha-receptor blockade induces motility or enhances existing motility (Coilman, Grundy and Scratcherd, 1983) . These observations support the concept that physiological modulation of motility may be produced by either withdrawal or stimulation of sympathetic activity. However, the role of sympathetic reflexes in the physiological control of motility during normal digestion has yet to be defined.
Patterns of motility in the colon
Knowledge of motility patterns in the large intestine is less well established than those of either the stomach or the small intestine. This is a result of the great variety of form and function in different species of the difficulties of access to the organ. The large intestine has absorptive, secretory, storage and propulsive functions and its motility patterns are closely identified with these functions.
Myoelectric activity of the human colon has been studied using three types of electrode, intraluminal (suction), serosal and cutaneous; the patterns of electrical activity recorded by the different methods give consistent results. Electrical activity of the colon is more complex than that of the small intestine. For example, it is not always present, and more than one frequency may be recorded at any one site. The slow frequency (2-4 cycle min" 1 ) when present, showed no frequency gradient along the entire colon. The higher frequency (6-11 cycle min" 1 ) was recorded more commonly and although no gradient was detected from the right colon along the transverse, a gradient was present from the sigmoid colon down to the rectum. The locations with the great- est electrical activity were the caecum and the rectum (Taylor et al., 1975) .
Contractile activity. A structural specialization of the large intestine in man is the arrangement of the longitudinal muscle which is concentrated into three bands, the taenia coli, with only a thin layer in the intervening space round the gut. This imposes a characteristic feature on the organ with the walls of the caecum and ascending colon being folded into sacs, called haustra, by contraction of the circular muscle. It should be recognized that the haustra are not fixed structures.
The contractile activity appears to be controlled by a pacemaker, which in man is located in the transverse colon. Three basic movements are recognized: (i) Antiperistalsis, which drives the semi-fluid content of the proximal colon backwards (orally) into the caecum. This causes mining of the content so that greatest contact is achieved with the mucosa, permitting maximnm exposure for absorption and at the same time, holding up the onward progression so that temporary storage can occur, (ii) Peristalsis occurs after the faecal content has become hardened by its sojourn in the proximal colon and transfer into the distal colon gradually occurs. The peristaltic reflex has been examined in detail by Costa and Furness (1976) , in isolated segments of guineapig distal colon. Distension produced a transient contraction on the oral side and sustained relaxation on the anal side. Both reflexes could be elicited in segments deprived of mucosa, but interruption of Auerbach's plexus abolished them. The ascending excitatory reflex appears to involve 5-hydroxytryptamine in addition to acetylcholine, whilst the descending inhibitory reflex is mediated by a non-cholinergic, non-adrenergic transmitter. (iii) A peristaltic movement which is more powerful and is responsible for the evacuation of the faecal content, which moves anally in a series of infrequent large (mass) movements. The solid or semi-solid faeces usually reach the sigmoid colon but do not fill the rectum (Ritchie, 1971; Williams, 1967) . For details of succeeding events and the mechanisms of defaecatdon, the reader is referred to Schuster (1975) .
Control mechanism. The act of feeding is generally recognized to elicit a motor response from the colon and it appears to be the presence of food in the stomach and duodenum which is necessary to evoke the response. For many years, the nature of the connection between stomach and duodenum on the one hand and colon on the other has been the subject of much experimental work and debate. The promptness of the motor response led to the view that it must be a reflex action mediated through the vagus nerve (Snape et al., 1979) and the concept of a gastro-colic reflex has been in the textbooks for many years. However, it is clear that the stomach need not be a necessary component. Even after vagotomy, there is a response to feeding which suggests that a humoral mechanism may also exist and that perfusing magnesium sulphate, amino acids or sodium oleate through the intestine causes the colon to contract with a short latency (Harvey and Read, 1973) . There are further difficulties in elucidating the control mechanism for, on feeding, the terminal ileum is also set into activity and some workers have proposed that the colonic response may result from propagation of contractions from this organ (Wienbeck and Janssen, 1974) .
A complicating issue in the study of human colonic motuity is the undoubted fact that this organ is subject to emotional states (Alvarez, 1940) and that the contents of the colon itself may play an important role in "sensitizing its response" to extracolonic influences (Welsh and Plant, 1926; Semba, 1954) . The complexity of the neural control mechanism might be anticipated when it is realized that the colon receives a parasympathetic supply from two sources, vagus and sacral cord, with two types of excitatory neurones, cholinergic and noncholinergic, non-adrenergic. Inhibitory noncholinergic, non-adrenergic neurones are also present in addition to a sympathetic supply. Included in the humoral agents which may contribute, are gastrin and CCK-Pz. The blood concentrations of gastrin do not seem to correlate well with the motor activity, but CCK-Pz elicits a motor response and is released into the circulation after feeding, with a delay similar to that of the motor response (Harvey, 1975; Snape et al., 1979) . However, those stimuli which release CCK-Pz are also those which initiate vago-vagal reflexes, and so caution must be taken when interpreting these results.
INTESTINAL SECRETION
Duodenal Secretion Secretion from Brunner's glands
Bninner's glands are found in the duodenum Downloaded from https://academic.oup.com/bja/article-abstract/56/1/3/266462 by guest on 06 January 2018 extending from the pylorus to the opening of the pancreatic duct, but in some species they spread more distally. They are thicker and more extensive in herbivores than in carnivores and consist of tubular glands made up of mucous cells, although in some species there is also present a serous cell. The glands are confined largely to the submucosa and have their openings into the crypts of Lieberkuhn. 
Control of secretion.
Spontaneous secretion occurs in all species except the cat and the act of feeding initiates or increases the rate of secretion in all species except the rabbit. In the dog, basal secretion is approximately 1.0-2.0 ml h" 1 , which increases on feeding to 5.0-8.0 ml h" 1 after a short latent period and persists for up to about 3h. The precise mechanism by which feeding exerts its effect is not yet known, but both neural and humoral mechanisms are involved. Vagal stimulation increases secretion rate (Wright et al., 1940) and as a transplanted first part of duodenum secreted, on feeding, then a hormonal mechanism must also exist (Florey and Harding, 1935) . The hormone involved has not been identified unequivocally. Crude secretin preparations stimulate secretion, but not pure secretin. Similarly, crude gastrin preparations were effective stimulants, but pure gastrin was not (Cook and Grossman, 1966) . It has also been suggested that mechanical stimulation of the mucosa may play an important role consequent upon the stimulation of duodenal motility. However, when secretion occurs, motility is usually recorded from the duodenum, but motility may occur without simultaneous secretion.
The function of Brunner's glands. The consensus of opinion is that the secretion from Brunner's glands plays little part in digestion as it has negligible enzyme content, but it may have a role in protecting the duodenum from the damaging action of acid, as the Brunner's gland area is more resistant to acid than the lower regions of the duodenum.
Secretion from non-Brunner's area of duodenum
In addition to the protective mechanisms provided by the secretion of Brunner's glands, the surface epithelial cells of the gastrointestinal tract also play a protective role by stimulating bicarbonate secretion into a surface boundary zone (Flemstrom and Garner, 1983) . Using pH-sensitive microelectrodes, a pH gradient has been demonstrated so that, with the lumen at pH 2, the pH in the vicinity of the mucosal cell membrane was 7.0. This gradient is set up by the secretion of bicarbonate into the surface gel.
Secretion of bicarbonate by duodenal surface epithelial cells. Alkalinization (bicarbonate secretion) of lnminnl content occurs, with basal rates varying considerably from species to species. The rate of transport by the duodenal mucosa is about three times that of the jejuna! mucosa. A small potential difference exists across the mucosa, 2-10 mV lumen negative. The process is active as it is inhibited by metabolic inhibitors, dinitrophenol, cyanide and azide and it is also inhibited by anoxia and carbonic anhydrase inhibitors.
The two secretory mechanisms present in the duodenum, from Brunner's glands and the surface epithelial cells, provide a mechanism for acid disposal and therefore protect the mucosa against erosion.
Secretagogues. Stimulation of bicarbonate is brought about by a number of hormones including gastric inhibitory peptide, pancreatic glucagon, adrenaline and noradrenaline. Luminal pH is an important factor in the regulation of bicarbonate secretion (Flemstrom et al., 1982) , which operates in the mammal with prostaglandin as one of the mediators. Indeed, arachidonic acid and a number of prostaglnnHing stimulate bicarbonate secretion and increase the transmural potential difference (p.d.) with the E series of prostaglandins being the most effective. Inhibitors of prostaglandin synthesis reduce bicarbonate secretion. Dibutyryl cAMP and phosphodiesterase inhibitors also stimulate secretion and it has been suggested that the prostaglandins might operate through cAMP.
Transport mechanisms
The ionic transport mechanisms have been identified in the duodenum, electro-neutral C1/HCO 3 exchange and electrogenic HCOj transport (Flem-strom and Gamer, 1983) . Gastric inhibitory polypeptide stimulates transport of bicarbonate with no change in transmural p.d., whereas prostaglandins and c AMP stimulation is associated with an increase in p.d.
Secretion by the Intestine
Site of secretion
The intestine has a secretory function in addition to one of absorption and there is evidence that these two functions are anatomically separate. Secretion from the intervillus space of the small intestine has been collected by micropipette (Nasset and Ju, 1973) . Secretion has been observed, by microscope, issuing from the colonic crypts when the mucosal surface had been covered by oil when secretion was stimulated with theophylline (Welsh and Frizzel, 1980) . Removal of villus cells by hypertonic lysis, leaving the crypts intact, did not appreciably decrease fluid secretion by the rabbit jejunum stimulated by cholera toxin (Roggin et al., 1972) . Browning and colleagues (1978) confirmed that the secretory response to acetylcholine was unaffected by hyperosmotic lysis of villus cells. They also demonstrated that cyclohexamide damaged the crypt cells without affecting the villi and reduced net chloride secretion induced by acetylcholine. Finally, when the mucosa is exposed to cholera toxin for a brief period and then washed, adenylate cyclase of villus cells only is stimulated, causing gradual inhibition of absorption. Exposure of the mucosa to the toxin for a longer period stimulated the adenylate cyclase of the crypt cells and those of the villi, and caused net secretion. These experiments suggest that the cyclic adenosine monophosphate (cAMP) formed from the hydrolysis of ATP by adenylate cyclase in the cell membrane has a dual function-in the villus cell, it prevents absorption, whereas in the crypt cell it induces secretion (Dejong, 1975) ,-and that the crypts appear to be the site primarily involved in the secretory responses to acetylcholine in the rat jejunum and colon.
Secretagogues (table I) Neutotransmitters. Parasympathetic activity increases intestinal secretion, whereas inhibition occurs with sympathetic stimulation (Florey, Wright and Jennings, 1941) . The direct application of acetylcholine to sheets of intestinal mucosa in vitro stimulates electrolyte transport when the short circuit current is taken as an index of secretion. These effects are blocked by atropine and therefore a muscarinic receptor is involved. a-Adrenergic agonists, on the other hand, enhance absorption and inhibit secretion.
One of the most recently described neurotransmitters to be involved is VIP (vasoactive intestinal polypeptide), a peptide of 28 aminoacids. It has a broad spectrum of activities affecting both smooth muscle and secretion in many parts of the body. In the gut, it is localized to beaded enteric neurones of the enteric plexuses which make close contact with enterocytes, particularly those in the crypts, but also to some extent on the vilh'. VIP stimulates intestinal secretion, in both the small and large intestines. Its mode of action is to activate adenylate cyclase to produce cyclic AMP and it is increased intracellular concentrations of this second messenger which lead to secretion. Perhaps the most spectacular intestinal secretagogue is the cholera toxin, which stimulates secretion through the cAMP mechanism (see second messenger systems). However, recent evidence has been presented that the toxin may have its effect, at least in part, through the enteric nervous system. The reason for this suggestion comes from the observations that tetrodotoxin (an agent which blocks nerve conduction), given intra-arterially, and lignocaine applied either to the mucosa or serosa, or hexamethonium, inhibit secretion induced by the toxin. As these drugs do not influence absorption to any great extent, a hypothesis has evolved that neurones act as intermediaries, at least in part, to the action of the toxin.
Bile acids and fatty acids. Both of these agents have been implicated in intestinal secretion and diarrhoea. The bile acids are particularly effective when deconjugated. Their effects are mediated at least in part through increases in cellular cAMP. It has also been suggested that, together with other agents acting from the lumen of the intestine (e.g. cholera toxin and the heat stable enterotoxin of some strains of E. colt), they also act indirectly through neural elements in the enteric plexuses (see below).
Involvement of reflexes in the enteric nervous system. Jodal and Lundgren (1983) have proposed the following hypothesis. Cholera toxin reacts with the enterochromaffin cell which triggers the release of 5-HT, and this in turn activates neurones in the enteric plexus which innervate the enterocytes ( fig.  5) . There also appears to be some evidence which implicates VIP in this mechanism. Exposure of intestinal mucosa to cholera toxin for 4 h caused the release of VIP, an effect which could be inhibited by the previous close arterial injection of tetrodotoxin. When VIP was administered i.a., neither tetrodotoxin nor hexamethonium influenced intestinal secretion caused by the peptide, but effectively inhibited cholera toxin-induced secretion. Possible arrangements of the neurones and cells involved in the nervous reflex are described in figure 5 (Cassuto et al., 1983) . There are several problems yet to be solved. As VIP-ergic neurones innervate smooth muscle as well as enterocytes, the site of origin of released VIP has yet to be determined; also, VIP measured in the venous outflow detects only the overspill from neuronal activity. The evidence which implicates 5-HT is that secretion induced by 5-HT is mediated through nerves (Cassuto et al., 1982) and, when injected i.a., 5-HT induces the release of VIP. It is of interest to note that a 5-HT receptor cannot be detected on the rat intestinal epithelial membrane (Gagineua, Rimele and Wietecha, 1983) , supporting the view that the amine must act through the intermediary of neurones. Finally, as the 5-HT-induced secretion does not increase intracellular cAMP, whereas VIP does (Donowitz, Charney and Hefferman, 1977) this suggests that the VIP-ergic neurone does not make direct contact with the enterocyte and some other non-cholinergic, non-adrenergic transmitter is involved, as indicated in the hypothetical neurone circuit on the right of figure 5.
Second messengers. The secretory function of the small intestine is controlled by two major second messenger systems, cyclic AMP and calcium:
(i) Cyclic AMP. VIP and cholera toxin induce secretion by increasing the intracellular concentration of cAMP, via activation of adenylate cyclase in the plasma membrane which forms cAMP from ATP. On the other hand, theophylline stimulates secretion by inhibiting 3', 5'-cydic AMP phosphodiesterase, which increases the intracellular concentration of cAMP by preventing its destruction by hydrolysis. The details of the molecular mechanisms by which cholera toxin exerts its effects and the structural-functional relationships of the molecule are beyond the scope of this review and the interested reader is referred to Lonnroth (1983) for a short review and an introduction to the literature. (ii) Calcium. Acetylcholine and 5-hydroxytryptamine are natural secretagogues and utilize the other major pathway based on intracellular calcium. Whereas the intestine has receptors for acetylcholine which are analogous to the calciummobilizing receptors found in other cells, those for 5-HT are either not present or not accessible on rat intestinal epithelial cell membranes (Gaginella, Rimele and Wietecha, 1983) . The calciummobilizing receptors are responsible for a number of possible second messengers such as calcium, cyclic GMP and arachidonic acid metabolites (prostaglandins, thromboxanes, prostacyclins) . If the small intestine behaves as other tissues, it is likely that activation of these receptors may also cause the hydrolysis of phosphatidylinositol which, through a complex series of reactions, could be responsible for the increased membrane permeability to calcium, release of arachidonic acid, activation of protein kinase C and the stimulation of guanylate cyclase (Berridge, 1981) .
The two major second messenger systems are probably not as independent as was previously thought. Research on rabbit ileum suggested that acetylcholine and 5-HT acting on calciummobilizing receptors require extracellular calcium to evoke secretion, whereas exogenous cAMP and phospodiesterase inhibitors (theophylline) act in the absence of extracellular calcium. Recent work of Hardcastle, Hardcastle and Noble (1983; in preparation) using isolated rat intestine with the smooth muscle coats removed, does not support this view. Incubating the mucosa in calcium-free solutions in the presence of EGTA 0.5 mmol litre" 1 , they demonstrated that the secretory responses to dibutyryl cyclic AMP and theophylline were reduced to the same extent (about 50%) as the responses to acetylcholine and 5-HT. The tissues were not damaged by this procedure, as the secretory response to glucose was unaffected.
Intestinal secretagogues may be classified into two groups as has been described above: Group 1. Those with actions which are mediated by cyclic AMP (e.g. VIP, prostaglandins, and cholera toxin). Group 2. Those with actions which do not involve changes in intracellular cAMP concentrations (e.g. acetylcholine and 5-HT). These secretagogues are said to react with calcium-mobilizing receptors, and exert their effect through calcium as the second messenger. Figure 6 is based on data currently available to explain the involvement of Ca 2+ in the regulation of intestinal secretion. Both groups of agents induce a common secretory event which is triggered by Ca 2+ -calmodulin, but the source of the Ca 2+ is said to differ for the two groups (Field, 1980) . This view is indicated by the solid lines in figure 6 . Group 1 secretagogues are thought to rely on intracellular sources of Ca 2+ , while the secretagogues of group 2 require extracellular Ca 2+ . This division has come from work using the rabbit ileum. Work on the rat small intestine leads to a different interpretation. All secretagogues tested, which included acetylcholine, 5-HT, theophylline, dibutyryl cyclic AMP and prostaglandin E2, whether or not their actions involved cAMP, need both intracellular and extracellular sources of Ca agogues. The intracellular Ca 2+ antagonist TMB 8 also inhibited the response to both groups of secretagogues. These new observations require modifications to the original model (Hardcastle, Hardcastle and Noble, 1983; in preparation) , and these are indicated by the broken lines.
The role of calmodulin. Calmodulin, a protein of molecular weight 16 850 is present in high concentrations in intestinal epithelial cells and is involved in a chain of events which ultimately results in secretion. Before it can carry out this function, calmodulin must be activated. This occurs when it reacts with calcium, leading to exposure of hydrophobic groups. This changed conformation of the molecule allows it to bind to enzymes. The enzymes particularly involved are those associated with calcium and cyclic nucleotide, prostaglandin and protein kinase metabolism. This activation of enzymes is prevented when the hydrophobic groups react with trifluoropiperazine and other antipsychotic phenothiazines, so that secretion is inhibited, including that induced by cholera toxin and theophylline. Inhibition occurs without affecting the increase in concentration of cyclic nucleotides stimulated by these secretagogues (Vincenzi, 1981; Weiss et al., 1980; NaftaUn, 1983) .
Models of intestinal secretion
It is clear that two events happen when secretagogues act in the gut. There is inhibition of sodium chloride absorption, probably in the villus region, and stimulation of secretion from cells in the crypt. The secretory component into the gut, that is the serosal to mucosal flux, results from an increase in chloride conductance over the mucosal border. The site of this has been placed in the luminal membrane or the lateral intercellular space, that is through the tight junction. Naftalin (1983) has suggested that, during the absorptive state, the lateral intercellular space contains Na + at a higher electrochemical potential by action of the sodium pump over the basolateral membrane. The sodium chloride must pass into the interstitial fluid on the serosal border of the cell because the chloride conductance of the tight junction is low. The action of secretagogues is to increase this paracellular conductance to chloride, thereby allowing the sodium chloride to escape from the lateral intercellular space into the mucosal solution. Fluid secretion then occurs by solvent or electro-osmotic drag. For details of the various models which have been proposed the reader is referred to the following papers: Powell (1974), Frizzel, Field and Schultz (1979) , Holman and NaftaUn (1979) , Naftalin and Simons (1979) , Field (1981) and NaftaUn (1983) .
The Physiological Control of Secretion Spontaneous secretion
Isolated loops of jejunum show Uttle or no spontaneous secretion in the fasting animal, but a small periodic flow has been known to exist since the beginning of this century. Recent work has shown that such secretion is related to the activity front (phase 3) of the migrating myoelectric complex (MMC). However, some of the fluid is undoubtedly pancreatic in origin as it contains large quantities of amylase (Vantrappen, Peeters and Janssens, 1979) .
The effect of feeding
Thiry-Vella loops of jejunum or ileum in conscious dogs show very Uttle, if any, response following a meal. However, vagal stimulation causes a small secretion from non-Brunner's gland region of the duodenum, but there was no response from the remainder of the small intestine (Wright et al., 1940) . These results contrast with the effects of acetylcholine reported above, when secretion could be obtained from sheets of mucosa. It should be noted, however, that the doses of acetylcholine used were extremely large (10~3 mmol litre" 1 )-It nas been claimed that vagal stimulation after splanchnectomy, and eserine (in high enough doses), are more effective and cause secretion from the entire small intestine, these responses being inhibited by atropine. There seems to be a lack of unanimity on the problem of extrinsic vagal control as typified by a recent paper of Sjovall and colleagues (1983) , which presents evidence which clearly does not support a physiological role for cholinergic fibres in extrinsic nervous control of intestinal fluid transport. The in vitro work is supported by more recent human experiments in which neostigmine injected i.v. caused a significant secretory response of Na + , Clã nd water from the jejunum (Morris and Turnberg, 1980) . A similar response was noted from the ileum, but this did not reach statistical significance. No correlation was observed between the accompanying motiUty and the secretory response. This type of experiment must be interpreted with great caution as neostigmine has considerable effects on other systems and tissues with direct and indirect effects on the epithelial cell, which are quite impossible to control in the human. Again, the work of Read, Cooper and Fordtran (1978) casts doubt on a physiological role for the vagus, as they could not demonstrate an effect on intestinal secretion by modified sham feeding in man. Close inspection of their results is interesting, for they showed that half the subjects responded with a secretory response. As the number of observations was small, a repeat investigation would be worthwhile using a greater number of subjects.
Mechanical stimulation of the mucosa
It was noted by Sjovall and others (1983) , that there may be a tonically active intramural secretory cholinergic pathway. This concept has some support in that extrinsically denervated Thiry-Vella loops of jejunum respond to tactile stimulation by secreting, an effect which can be blocked by both atropine and hexamethonium. Distension of the loops by intraluminal balloon produced a sustained secretion which increased fluid output for more than 2 h following distension. The last effect was blocked by hexamethonium but not by atropine (Caren, Meyer and Grossman, 1974) .
In conclusion, it is the reviewer's opinion that, whereas a secretory mechanism exists in the jejunum, ileum and colon, which can be demonstrated at the cellular level, there is as yet only flimsy evidence to suggest that it has a physiological importance.
